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Abstract: Isotopic fractionation is the basis of tracing the water cycle using hydrogen and oxygen
isotopes. Isotopic fractionation factors in water evaporating from free water bodies are mainly
affected by temperature and relative humidity, and vary significantly with these atmospheric
factors over the course of a day. The evaporation rate (E) can reveal the effects of atmospheric
factors. Therefore, there should be a certain functional relationship between isotopic fractionation
factors and E. An average isotopic fractionation factor ( α ∗ ) was defined to describe isotopic
differences between vapor and liquid phases in evaporation with time intervals of days. The
relationship between α ∗ and E based on the isotopic mass balance was investigated through an
evaporation pan experiment with no inflow. The experimental results showed that the isotopic
compositions of residual water were more enriched with time; α ∗ was affected by air
temperature, relative humidity, and other atmospheric factors, and had a strong functional relation
with E. The values of α ∗ can be easily calculated with the known values of E, the initial volume
of water in the pan, and isotopic compositions of residual water.
Key words: average isotopic fractionation factor; evaporation rate; hydrogen and oxygen
isotopes
1 Introduction
Because of small differences in molecule mass between isotopic species, isotopic
fractionation occurs during the process of evaporation and condensation in the water cycle.
Small differences in isotopic compositions between different phases caused by isotopic
fractionation are the basis for tracing water movement through the water cycle using hydrogen
and oxygen isotopes. Water evaporation plays an important role in the water cycle. Isotopic
Tao WANG et al. Water Science and Engineering, Dec. 2010, Vol. 3, No. 4, 394-404 395
studies of the water evaporation process have been carried out by many researchers. Early on,
Craig et al. (1963) used deuterium (D) and oxygen-18 (18O) isotopes to trace free water
evaporation in the laboratory, and found that isotopic variations in evaporated water did not
obey the simple batch distillation equation in non-zero air humidity conditions. The rapid
molecular exchange between liquid and vapor played an important role. Craig and Gordon
(1965) studied the isotopic variations of free water evaporating into the atmosphere using
Fick’s law of diffusion to model vapor movement at the water-air interface. This indicated that
the isotopic composition of evaporating moisture was a function of the isotopic composition of
atmospheric moisture, relative humidity, and the isotopic fractionation factor. The theory of
Craig and Gordon (1965) was further developed and applied to evaporation from lakes and
soil water under unsteady and steady state conditions (Barnes and Allison 1983; Gibson et al.
1996; Mayr et al. 2007). Gibson et al. (1996) developed an isotopic method to estimate lake
evaporation in a small tundra lake in the continental Arctic of Canada. This method, based on
isotopic mass balance, requires the values of isotopic fractionation factors and isotopic
compositions in residual lake water, input water, and atmospheric moisture. Mayr et al.
(2007) estimated the evaporation to inflow ratios of lakes in semi-arid southern Patagonia
using stable isotopes. They found that more than 50% of inflow, including surface and
subsurface water, evaporated.
In the isotopic study of evaporation from free water, isotopic fractionation factors are
indispensable parameters for estimating the evaporation rate and studying isotopic variations.
Isotopic fractionation factors, describing the instantaneous isotopic ratios between vapor and
liquid phases in evaporation, are rather hard to obtain by experiment, because very strict
experimental conditions and special apparatuses are needed. The difficulty of isotopic
fractionation factor measurement hinders the field application of isotopic theories, including
the theoretical model of Craig and Gordon (1965) (Horita et al. 2008). In fact, it is impossible
to obtain the measurement values of isotopic fractionation factors in field conditions. In the
study of hydrological processes in catchments, the time intervals of hydrological characteristic
data such as discharge, evaporation, and precipitation are years, months, days, and hours.
Therefore, the instantaneous isotopic fractionation factor cannot feasibly describe the isotopic
variations in the evaporation process.
The isotopic equilibrium fractionation factor is primarily dependent on temperature
(Majoube 1971; Horita and Wesolowski 1994), while the kinetic fractionation factor has a
strong correlation with relative humidity (Gonfiantini 1986). Atmospheric factors such as air
temperature and relative humidity show significant variation during a day, which can lead to
large fluctuation in isotopic fractionation factors. According to the theory of the Rayleigh
fractionation model, the isotopic fractionation factor has a relationship with the residual
volume fraction and isotopic composition of the residual water body. The evaporation rate
from a free water body is a variable reflecting the effects of atmospheric factors, and can be
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calculated from the residual volume fraction. Therefore, the isotopic fractionation factor can
be expressed as a function of the evaporation rate based on Rayleigh fractionation theory
and isotopic mass balance.
The objectives of this study were to examine the isotopic variations of a free water body
from evaporation and to investigate the relationship between the average isotopic fractionation
factor and the evaporation rate. An evaporation pan experiment with no inflow was carried out.
2 Materials and methods
An evaporation pan experiment was conducted outside the laboratory (more information
on the experiment is given in Bao et al. (2008)). The evaporation pan was 50 cm in diameter
and height, with an initial water depth of 440 mm. Water was sampled from the Yangtze River
in Nanjing, and the values of įD and į18O were –66.7‰ and –8.8‰, respectively. The
experimental period was from September 16 to October 15, 2006. There was a rainfall event
occurring between September 29 and September 30 with a precipitation amount of 28.0 mm,
but a canopy with a diameter of 3 m was set up to prevent rain from falling into the
evaporation pan. A thermometer and psychrometer were placed near the evaporation pan to
record air temperature and relative humidity. The evaporation rate was obtained by reading the
graduation of two rulers pasted inside the evaporation pan at 8:00 am everyday. The minimum
graduation of the ruler was 1 mm. There were two methods for collecting water samples. The
first method was to use a glass tube 60 cm in length and 1 cm in diameter to vertically collect
water samples, and the collected water samples represented the vertical average isotopic
values in residual water (Fig. 1). The other method was to collect water samples at the water
surface of the evaporation pan.
Fig. 1 Schematic diagram of vertical sampling
The collected water samples were stored in 30-mL plastic bottles. Before isotopic
analysis, the bottles were tightly sealed with adhesive tape in order to reduce the effect of
water evaporation. Isotopic compositions of water samples were measured using a MAT-253
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mass spectrometer in the isotopic laboratory of the Institute of Geology and Geophysics at the
Chinese Academy of Sciences. The carbon dioxide balance method was used to analyze 18O,
while D was analyzed with the zinc method. The measured results were expressed as į values
relative to the international standard VSMOW (Vienna Standard Mean Ocean Water).
Analytical precisions were ±0.8‰ and ±0.2‰ for D and 18O, respectively.
3 Results
3.1 Air temperature and relative humidity
The daily mean air temperature (T) and daily average relative humidity (h) data are
shown in Fig. 2. The values of T during the experiment ranged from 19.8ć to 25.4ć, with an
arithmetic mean value of 23.5ć. The maximum and minimum air temperatures were 15.8ć
and 29.1ć, respectively. The great variability of air temperature over a day can lead to a large
fluctuation in isotopic fractionation factors. The values of h varied from 58% to 93%, with a
mean value of 74%. A rainfall event with a precipitation amount of 28.0 mm occurred from
September 29 to September 30 in 2006, when the air temperature was low and relative
humidity was high.
Fig. 2 Variation of T and h in evaporation pan experiment
3.2 Evaporation rate
The evaporation rate (E) from a free water body is mainly affected by atmospheric factors
such as air temperature, relative humidity, wind speed, and solar radiation. Fig. 3 shows the
relationships between E and T and between E and h. E increased greatly as T increased, with a
linear regression equation of E = 1.19T – 22.7 (R2 = 0.656 4), where R is relevant coefficient.
The relationship between E and h was different from that between E and T. E was inversely
proportional to h, with a linear regression equation of E = –0.23h + 22.0 (R2 = 0.727 6). The
observed data indicate that the evaporation rate had a strong correlation with air temperature
and relative humidity. Air temperature and relative humidity are two important factors
influencing isotopic fractionation factors. Therefore, there would be a correlation between
isotopic fractionation factors and the evaporation rate.
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Fig. 3 Relationship between E, T, and h
3.3 Isotopic variations of residual water
Fig. 4 shows the į18O values of the water at the surface and along the vertical profile.
Despite the fact that the depth of water in the pan was less than 440 mm, slight differences in
į18O values between surface water and water collected from vertical profiles were observed.
The measurement results indicate that isotopic compositions of water varied with depth,
because of small differences in water temperature and density at different depths (Froehlich
2000). In this study, the isotopic values of water collected from vertical profiles were used to
calculate the average isotopic fractionation factors. The isotopic values in vertical profiles can
reflect the isotopic variations in the evaporation pan.
Fig. 4 į18O values of water at surface and along vertical profiles
Water in the evaporation pan was isotopically enriched over time because of the effect of
isotopic fractionation. The įD values of residual water ranged from –66.7‰ to –23.4‰, with
an arithmetic mean value of –44.6‰. The į18O values varied from –8.77‰ to –1.28‰, with
an arithmetic mean value of –4.76‰. Fig. 5 shows the relationship between the local meteoric
water line (LMWL) and the evaporation line (EL). The isotopic data of LMWL came from the
IAEA Global Network for Isotopes in Precipitation (GNIP) in Nanjing, China, and the linear
regression equation of LMWL was įD = 8.367į18O + 16.699 (R2 = 0.982) (Bao et al. 2008).
The linear regression equation of EL was įD = 5.305į18O – 19.356 (R2 = 0.980). The slope of
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EL was lower than that of LMWL.
Fig. 5 Local meteoric water line and evaporation line
4 Discussion
4.1 Average isotopic fractionation factor and evaporation rate
In order to describe the isotopic variations with a long time interval in evaporation, tα
∗
is introduced and expressed as
E 1t t tR Rα
∗
−
= (1)
where tα
∗ is the average isotopic fractionation factor from time 1t − to t, EtR is the
corresponding isotopic ratio of evaporated vapor from time 1t − to t, and 1tR − is the
isotopic ratio of the residual water body undergoing evaporation at time 1t − . tα
∗ reflects
the different isotopic ratios of evaporated vapor and the residual water body with the time
interval of 1t − to t.
According to the theory of Rayleigh fractionation, the isotopic composition of residual
water is a function of the residual volume fraction of water ( f ), the isotopic fractionation
factor, and the isotopic composition of initial water. The evaporation rate can be calculated
from the residual volume fraction of the evaporation pan. In this section, the relationship
between the average isotopic fractionation factor and the evaporation rate is examined.
The isotopic mass balance for a well-mixed pan over a time interval from time 1t − to t
can be written as (Hu 2009)
E 1 1t t t t t tE R V R V R− −= − (2)
where 1tV − and tV are the volumes of residual water at times 1t − and t, respectively
(expressed as water depths); Rt is the isotopic ratio of the residual water body undergoing
evaporation at time t; and tE is the evaporation rate from time t-1 to t: 1t t tE V V−= − .
Substituting Eq. (1) into Eq. (2), tα
∗ can be expressed as
1 1
1 1
( )t t t t
t
t t t
R V R R
R E R
α ∗ − −
− −
−
= − (3)
The variation of stable isotopic composition in nature is slight, and expression of isotopic
abundance and isotopic ratio cannot reflect this slight difference. Thus, the į value is widely
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used to represent isotopic composition of elements. The į value for isotopic species i is
defined relative to the isotopic composition of the VSMOW:
VSMOW1 i i iR Rδ+ = (4)
where iδ is the isotopic composition of isotopic species i, Ri is the isotopic ratio of isotopic
species i, and VSMOWiR is the isotopic ratio of isotopic species i in VSMOW. Thus, Eq. (3)
can be rewritten as
( )
( )
1 1
1 1
1
1 1
t t tt
t
t t t
V
E
δ δδ
α δ δ
− −∗
− −
−+
= −
+ +
(5)
where 1tδ − and tδ are the isotopic compositions of the residual water body undergoing
evaporation at times 1t − and t, respectively. Eq. (5) is a general form of the relationship
between tα
∗ and tE based on the isotope mass balance. According to Eq. (5), the value of
tα
∗ is affected by the evaporation rate and the residual volume of water as well as its isotopic
composition.
Isotopic compositions of residual water will become more enriched with no inflow, and
can be expressed as a function of f. In different atmospheric conditions, the functional
relationship between isotopic compositions of residual water and f may be different; they may
be linear or nonlinear. Eliminating the terms 1tV − and tδ in Eq. (5) through the function of
isotopic compositions of residual water and f can lead to the expression of tα
∗ based on
isotopic mass balance and the function between isotopic compositions of residual water and f.
If the function of isotopic compositions of residual water and f is linear, the expression
can be written as follows (Hu 2009):
0( 1)t ta fδ δ= − + (6)
where 0δ is the initial isotopic value of residual water, a is the constant coefficient; and tf
is the residual volume fraction of water at time t, which can be expressed as 0t tf V V= ,
where 0V is the initial volume of residual water. The tf in Eq. (6) can be eliminated by į
values of residual water at times t-1 and t:
1
0
t
t t
Ea
V
δ δ
−
= − (7)
Integrating Eq. (6) with 0t tf V V= yields
( )0 0
0
t
t
V
V V
a
δ δ−
= + (8)
Substituting Eqs. (7) and (8) into Eq. (5), the expression of tα
∗ is obtained:
( )
1 0
0 1 1
1
1 1
t t
t
t t
aE a
V
δ δ
α δ δ
∗
−
− −
− +
= − +
+ +
(9)
The value of tα
∗ can be calculated with the known values of tE , a, 0V , and 1tδ − .
If the relationship between isotopic compositions of residual water and f is nonlinear,
there are many kinds of functions, exponential, logarithmic, or polynomial. In this study, the
logarithmic function is considered as an example to study the relationship between tα
∗ and
tE . The logarithmic function is written as (Hu 2009)
Tao WANG et al. Water Science and Engineering, Dec. 2010, Vol. 3, No. 4, 394-404 401
lnt tb f cδ = + (10)
where b and c are constant coefficients. As in the linear function derivation process, the
relationship between tα
∗ and tE can be expressed as
1
0
1
ln exp 1
1
t t
t
t
c Eb c
b V
δ
α δ
−
∗
−
ª º−§ ·
− + +« »¨ ¸© ¹¬ ¼
= −
+
( )
1 1
0 1
0
1
exp ln exp
1
t t t
t
t t
c c EV b c
b b V
E
δ δ δ
δ
− −
−
−
­ ½ª º− −° °§ · § ·
− + −® ¾« »¨ ¸ ¨ ¸© ¹ © ¹° °¬ ¼¯ ¿
+
(11)
According to Eq. (11), tα
∗ is a function of tE , 0V , and 1tδ − .
Fig. 6 shows the fitting results for observed isotopic data of residual water using linear
and logarithmic functions. The linear fitting equations for įD and į18O are įD = –124.1( f – 1) –
65.8 (R2 = 0.9761) and į18O = –23.37( f – 1) – 8.8 (R2 = 0.9934), respectively. The logarithmic
equations are įD = –103.58lnf – 64.78 (R2 = 0.9848) and į18O = –19.40lnf – 8.54 (R2 = 0.9916),
respectively. The values of tα
∗ were calculated from Eqs. (9) and (11) with initial values of
–66.7‰ for įD, –8.8‰ for į18O, and 440 mm for 0V in linear and logarithmic function
conditions. Fig. 6 shows that the water in the pan was incompletely evaporated when the value
of f was greater than 0.65.
Fig. 6 Relationship between isotopic compositions and f
(Data points 1and 2 represent the isotopic values on October 3 and October 5, respectively)
Table 1 shows the comparison of measured and calculated values of tα
∗ from Eqs. (9)
and (11) with time intervals of two days. Most values of tα
∗ were close to the measurement
values, with average relative errors of 5.80% and 6.11% for D, and 0.02% and –0.05% for 18O
in linear and logarithmic functions conditions, respectively. However, on October 5, the values
of 2 tα
∗ (the average isotopic fractionation factor of D) and 18 tα
∗ (the average isotopic
fractionation factor of 18O) were observed to be higher than 1, which is impossible in actual
conditions. These unreasonable results were mainly caused by isotopic measurement analysis
error. Fig. 6 shows that the isotopic values on October 3 (data point 1) were greater than those
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on October 5 (data point 2). According to isotopic study of evaporation from free water with
no inflow, the isotopic compositions of residual water should be enriched with time
(Gonfiantini 1986; Gibson et al. 1999). Therefore, the isotopic data shown in points 1 and 2
were greatly affected by isotopic measurement errors, resulting in unreasonable values of tα
∗ .
Table 1 Measured and calculated values of tα
∗
Date 2 tα
∗ 1)
2
tα
∗ 2) Relative error (%)
18
tα
∗ 1)
18
tα
∗ 2) Relative error (%)
LR LG LR LG LR LG LR LG
09-19 0.861 3 0.881 6 0.904 3 2.36 4.98 0.989 0 0.978 1 0.981 0 –1.10 –0.81
09-21 0.956 6 0.883 1 0.904 2 –7.68 –5.48 0.985 1 0.978 6 0.981 0 –0.66 –0.41
09-23 0.917 5 0.886 5 0.904 1 –3.38 –1.47 0.971 5 0.979 6 0.981 1 0.83 0.98
09-25 0.898 5 0.891 6 0.904 1 –0.76 0.63 0.980 9 0.980 5 0.981 1 –0.05 0.02
09-27 0.902 2 0.895 7 0.903 7 –0.72 0.16 0.969 0 0.981 7 0.981 1 1.31 1.25
09-29 0.909 9 0.897 1 0.902 7 –1.40 –0.79 0.992 8 0.981 7 0.981 0 –1.13 –1.19
10-01 0.513 0 0.898 0 0.901 0 75.07 75.66 0.977 5 0.981 4 0.980 7 0.39 0.33
10-03 0.897 8 0.898 8 0.901 5 0.28 0.39 0.961 3 0.981 9 0.980 8 2.15 2.02
10-05 1.055 2 0.901 4 0.902 0 –14.71 –14.50 1.006 4 0.982 2 0.980 9 –2.41 –2.53
10-07 0.795 6 0.908 1 0.902 0 14.15 13.37 0.972 7 0.983 1 0.981 0 1.08 0.86
10-09 0.854 5 0.915 4 0.901 9 7.13 5.54 0.978 0 0.984 2 0.981 1 0.64 0.32
10-11 0.849 1 0.918 2 0.900 5 8.14 6.06 0.979 7 0.984 5 0.980 9 0.49 0.13
10-13 0.948 7 0.919 6 0.900 4 –3.06 –5.10 0.997 0 0.984 5 0.980 9 –1.25 –1.61
Average
value 5.80 6.11 0.02 –0.05
Note: 1) indicates measured values and 2) indicates calculated values; LR indicates linear function and LG indicates logarithmic function.
The measured errors in the evaporation rate also caused large calculation errors in tα
∗ ,
especially in low-evaporation rate conditions. The evaporation rate, affected by a rainfall event
from September 29 to September 30, was about 2 mm within two days, whereas the average
value of the evaporation rate during the experiment was 10.2 mm within two days. The
relative measured errors in the low evaporation rate were large. Thus, the measured errors in
the low evaporation rate would have introduced large fluctuation in measured values of tα
∗
calculated by Eq. (1), leading to the relative error of 2 tα
∗ on October 1 of more than 75%.
Although tα
∗ was affected by measurement errors in the evaporation rate and isotopic
analysis, it had a strong relationship with tE when the functions of tδ and f were both
linear and logarithmic.
4.2 Average isotopic fractionation factor, air temperature, and
relative humidity
The relationship between tα
∗ and mean air temperature with the time interval of two
days ( 2dT ) is shown in Fig. 7. The values of tα
∗ ranged from 0.513 0 to 1.055 2 for D, and
from 0.961 3 to 1.0064 for 18O, varying within a narrow range for 2dT from 19.9ć to 24.9ć.
There was not an obvious variation trend between tα
∗ and 2dT , because of the small
variations of 2dT . The variation of
2
tα
∗ with 2dT was different from that of
18
tα
∗ , due to the
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different degrees of effect of errors in isotopic analysis and measured evaporation rate.
Fig. 8 shows the relationship between tα
∗ and 1 – 2dh , where 2dh is the average relative
humidity with the time interval of two days. There was also not an obvious variation trend
between tα
∗ and 2dh . The variation of
2
tα
∗ with 2dh was similar to that of
18
tα
∗ . This also
showed that the kinetic effect was similar in magnitude for D and 18O (Barnes and Allison
1988; Mathieu and Bariac 1996).
Fig. 7 Relationship between tα
∗ and 2dT
Fig. 8 Relationship between tα
∗ and 2d1 h−
5 Conclusions
Isotopic fractionation causing isotopic differences in vapor and liquid phases is a way to
trace water movement through the water cycle. The isotopic fractionation factor is strongly
affected by atmospheric factors such as air temperature and relative humidity. In this study, an
average isotopic fractionation factor was defined to describe the isotopic variations between
vapor and liquid phases with time intervals of days. An evaporation pan experiment was
carried out to study the isotopic variations of evaporating free water.
The isotopic compositions of residual water in the pan were enriched with time. Slight
isotopic differences appeared with depth. This indicated that the residual water in the pan did
not mix well, though the volume of the pan was small. The evaporation rate was mainly
affected by atmospheric factors such as air temperature and relative humidity. The evaporation
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rate increased as air temperature increased and relative humidity decreased.
A functional relationship between the average isotopic fractionation factor and
evaporation rate was established based on isotopic mass balance. The functional relationship
was verified through evaporation pan experimentation with isotopic values of residual water
and its volume fraction under linear and logarithmic conditions. The results show that the
average isotopic fractionation factors can be easily calculated with the known evaporation rate
and isotopic compositions of residual water.
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